INTRODUCTION
4 APC/C CCS52A1 activity controls the timing of endocycle onset by marking the A-type cyclin 98 CYCA2;3 for destruction (Imai et al., 2006; Boudolf et al., 2009) . Correspondingly, ccs52a1 99 mutants display roots with an expanded meristem size owing to an increased number of 100 meristematic cells (Vanstraelen et al., 2009) . CCS52A1 also drives the trichome endocycle 101 and trichome branching, as ccs52a1 loss-of-function mutant trichomes display two branches 102 in contrast to wild-type trichomes that predominantly contain three branches. 103
Correspondingly, CCS52A1 overexpression results in trichome overbranching (Imai et al., 104 2006; Kasili et al., 2010) . In contrast to CCS52A1, the CCS52A2 activator subunit appears 105 not to control root meristem size, but is rather required for stem cell maintenance by 106 suppressing cell division of the Quiescent Center (QC) stem cells, as ccs52a2 mutants display 107 increased QC cell division rates being correlated with a disorganization of the root meristem 108 (Vanstraelen et al., 2009 ). CCS52A2 might play a similar role in the shoot, as its absence 109 results in a disrupted cell organization of the L1 and L2 layers (Liu et al., 2012) . In leaves, 110 both CCS52A1-and CCS52A2-activated APC/C complexes control endocycle onset, as 111 mutation of either results in reduced DNA ploidy levels (Lammens et al., 2008) . Functional 112 redundancy between CCS52A1 and CCS52A2 is additionally suggested by the observation 113 that no viable double mutant plants can be obtained (Baloban et al., 2013) . 114
Due to its importance during development, APC/C CCS52A activity is tightly controlled 115 at both the transcriptional and posttranslational level. On the transcriptional level, expression 116 of both CCS52A1 and CCS52A2 is negatively regulated by E2Fa in complex with 117 RETINOBLASTOMA-RELATED PROTEIN 1 (RBR1). Overexpression of a mutated E2Fa 118 allele, lacking the RBR1 interaction domain, results in increased CCS52A expression, 119 indicating that recruitment of RBR1 is required to suppress gene expression (Magyar et al., 120 2012) . CCS52A1 expression is additionally negatively regulated by the GT2-LIKE 1 trihelix 121 transcription factor (Breuer et al., 2012) , whereas its transcription is activated by the 122 cytokinin-activated ARABIDOPSIS RESPONSE REGULATOR 2 (Takahashi et al., 2013) . 123
CCS52A2 expression rather appears to be specifically repressed by the atypical E2F 124 transcription factor DEL1, which acts as a negative regulator of endocycle onset (Vlieghe et 125 al., 2005; Lammens et al., 2008) . Mutation of DEL1 results in increased CCS52A2 expression 126
and APC/C CCS52A2 activity, resulting in a premature endocycle onset and increased DNA 127 ploidy levels. At the posttranslational level, the UVI4 protein, in association with the 128 UBIQUITIN-SPECIFIC PROTEASE14, has been found to be an inhibitor of the 129 APC/C CCS52A1 complex (Heyman et al., 2011; Xu et al., 2016) . Double mutant analysis of 130 plants lacking a functional CCS52A1 and UVI4 gene revealed that CCS52A1 functions 131 5 epistatic over UVI4 in controlling endocycle onset. Correspondingly, UVI4 regulates 132 endocycle onset in leaves and root meristem size maintenance by inhibiting APC/C CCS52A1 133 activity, as observed by the increased DNA ploidy levels in leaves and trichomes, and a 134 reduced number of meristematic cells in the root tip of uvi4 mutant plants (Hase et al., 2006; 135 Heyman et al., 2011) . Here we aimed to study the interplay and specificity of APC/C CCS52A1 136 and APC/C CCS52A2 during plant development. For this purpose, we performed a comparative 137 phenotypic analysis of their negative regulators, being UVI4 and DEL1, respectively, as such 138 circumventing the artificial and unspecific effects that might result from constitutive 139 CCS52A1 and CCS52A2 overexpression. 140
141

RESULTS
142
CCS52A Activators Are Indispensable for Plant Development 143
Because of the importance of the CCS52A proteins in cell cycle exit and endocycle 144 onset, we aimed to test the effects of deficiency in both CCS52A1 and CCS52A2 during plant 145 development. Because ccs52a1-1 ccs52a2-1 double mutants are not viable (Vanstraelen et al., 146 2009; Baloban et al., 2013) , we generated a ccs52a1-1 DEL1 OE double mutant, which lacks a 147 functional CCS52A1 and displays reduced CCS52A2 expression, owing to increased activity 148 of the DEL1 transcriptional repressor (Lammens et al., 2008) . Using flow cytometry, we 149 confirmed the previously observed reduced DNA ploidy levels of the ccs52a1-1 and DEL1 OE 150 single mutant leaves compared to the wild type (Vlieghe et al., 2005; Vanstraelen et al., 2009; 151 Baloban et al., 2013) (Fig. 1A, Supplemental Table S1 ). In ccs52a1-1 DEL1 OE double 152 mutant leaves, an additional decrease in the DNA ploidy level compared to those of the single 153 mutants could be observed (Fig. 1A, Supplemental Table S1 ), confirming that expression of 154 both CCS52A genes contribute to endocycle onset in the leaf. 155
Independently, the trichome branch number was quantified, which frequently 156 correlates with the DNA content (Perazza et al., 1999a) . Whereas the ccs52a1-1 mutant plants 157 display trichomes with a reduced number of branches, the DEL1 OE trichome branch number 158 did not differ from that of the wild type, but the ccs52a1-1 DEL1 OE double mutant showed a 159 trichome branch number similar to that of the ccs52a1-1 mutant (Fig. 1B and Supplemental 160 Fig. S1A ). In addition, the trichome nuclear size was investigated. Corresponding to the 161 reduced trichome branch number, a reduction in trichome nuclear size of the ccs52a1-1 162 mutant was observed ( Fig. 1C and Supplemental Fig. S1B ), confirming previous findings 163 (Heyman et al., 2011) . Whereas no difference in trichome nuclear size of the DEL1 OE mutant 164 could be detected, the ccs52a1-1 DEL1 OE double mutant displayed a reduced nuclear size, 165 6 comparable to that of the ccs52a1-1 single mutant ( Fig. 1C and Supplemental Fig. S1B) , 166 confirming previous data that CCS52A1 is the main APC/C activator in trichomes. 167
168
UVI4 Is a Specific Inhibitor of CCS52A1 169
Previously, we demonstrated that UVI4 acts as an inhibitor of APC/C CCS52A1 (Heyman 170 et al., 2011) . Using leaf ploidy levels, and trichome nuclear size and branching phenotype as a 171 readout, the ccs52a1-1 mutation was found to be epistatic over uvi4 (Heyman et al., 2011) . To 172 test whether a similar genetic relationship exists between CCS52A2 and UVI4, the leaf ploidy 173 level and trichome nuclear size of the uvi4 ccs52a2-1 double mutant was compared with that 174 of the single mutants. Whereas the uvi4 and ccs52a2-1 single mutants showed an increase and 175 decrease in DNA ploidy levels compared to the wild type, respectively, the uvi4 ccs52a2-1 176 double mutant contained DNA ploidy levels intermediate to those of the single mutants ( Fig.  177 Table S2 ). Additionally, the trichome branch number was quantified. As 178 demonstrated previously, uvi4 mutants display increased trichome branching (Perazza et al., 179 1999b; Hase et al., 2006; Heyman et al., 2011) , whereas the ccs52a2-1 mutant showed a mild 180 reduction in the number of trichomes containing 4 branches compared to the wild type ( previously observed protein-protein interaction of UVI4 with CCS52A1 but not CCS52A2 186 (Heyman et al., 2011) , these data suggest that UVI4 is a specific inhibitor of APC/C CCS52A1 . 187 188 UVI4 and DEL1 Are Co-Expressed in Arabidopsis Seedlings 189
2A, Supplemental
To investigate the putative interplay between UVI4 and DEL1 during plant 190 development, we compared their expression patterns using transcriptional GUS reporter lines. 191
Expression of both UVI4 and DEL1 could be detected in tissues showing a high cell division 192 activity, such as the root meristem (Fig. 3A) and shoot meristem, and young leaves (Fig. 3B) . 193
Thus it appears that both APC/C regulators are tightly co-expressed, suggesting a role for both 194 APC/C CCS52A1 and APC/C CCS52A2 in the development of different tissues. 195
196
UVI4 and DEL1 Contribute Independently to Trichome Development 197
To study the effects of a lack of both a functional UVI4 and DEL1, we generated a 198 uvi4 del1-1 double mutant, which is anticipated to result in an increased activity of both 199 7 APC/C CCS52A1 and APC/C CCS52A2 complexes. Similar to the uvi4 mutant, del1-1 mutants were 200 found to display an increased trichome branching phenotype ( Fig. 3C and Supplemental 201 Fig. S3A ). Correspondingly, quantification of the trichome nuclear size revealed an increase 202 in the DNA content in del1-1 mutant trichomes, similar to the uvi4 mutant, indicative for a 203 role of DEL1 in suppressing endoreplication in trichomes ( Fig. 3D and Supplemental 204 Fig. S3B ). In the uvi4 del1-1 double mutant, a clearly enhanced effect on trichome branching 205 could be observed ( Fig. 3C and Supplemental Fig. S3A) , with a correspondingly increased 206 trichome nuclear size compared to the single mutants ( Fig. 3D and Supplemental Fig. S3B) . 207
These data suggest that both UVI4 and DEL1, and hence APC/C CCS52A1 and APC/C CCS52A2 , 208 control trichome branching. 209
210
UVI4 and DEL1 Independently Regulate Root Meristem Size Maintenance 211
In the Arabidopsis root, CCS52A1 expression can be found in the root elongation 212 zone, where it controls the timing of cell cycle exit. Accordingly, mutation of UVI4 results in 213 a decreased root meristem size, reflected by a decrease in the number of meristematic cortex 214 cells, probably owing to an increased APC/C CCS52A1 activity (Heyman et al., 2011) . On the 215 other hand, CCS52A2 expression can be found predominantly in the QC cells, where it is 216 required to refrain these cells from dividing and differentiating (Vanstraelen et al., 2009) . 217
Because the DEL1 transcriptional repressor of CCS52A2 is expressed throughout the root 218 meristem, it was tested whether DEL1 mutation affects root meristem size maintenance. No 219 significant decrease in the number of meristematic cortex cells could be observed in the del1-220 1 mutant compared to wild-type roots (Fig. 4, A and B) . In contrast, when determining the 221 root meristem size of the uvi4 del1-1 double mutant, a significant reduction in the number of 222 meristematic cortex cells could be observed compared to both the uvi4 and del1-1 single 223 mutants (Fig. 4, A and B) . This reduction was offset by an increased cortex cell size, 224 resulting in a meristem size similar to that of the wild type. 225
When determining the DNA ploidy levels of uvi4 and del1-1 mutant roots, an increase 226 could be observed for both compared to those of wild-type roots (Fig. 4C , Supplemental 227 Table S3 ). When determining the DNA ploidy levels of uvi4 del1-1 double mutant roots, an 228 increase could be detected compared to the single uvi4 and del1-1 mutants (Fig. 4C,  229 Supplemental Table S3 ). These observations suggest that both APC/C CCS52A1 and 230 APC/C CCS52A2 contribute to the DNA ploidy levels of roots. 231 
UVI4 and DEL1 Control the Onset of Endoreplication in Leaves through a Common 233
Mechanism 234
Next to the effect of the uvi4 de11-1 double mutation in trichomes and roots, we tested 235 its effect on leaf development by analyzing the size of mature first true leaves. Both the uvi4 236 and del1-1 single mutants displayed a reduced leaf size compared to wild-type leaves (Fig. 5,  237 A and B). The uvi4 del1-1 double mutant displayed an additive effect on the significantly 238 reduced leaf size compared to both uvi4 and del1-1 single mutants (Fig. 5, A and B) . In order 239
to determine the cause of the reduced leaf size, the average abaxial epidermal cell number and 240 size were investigated. The uvi4 and del1-1 single mutants' reduced leaf size was caused by a 241 reduction in cell number, despite the small increase in cell size, compared to wild-type plants 242 (Fig. 5, C and D) . The uvi4 del1-1 double mutant displayed a decrease in epidermal cell 243 number, being equal to that seen for the single mutants, but without compensatory increase in 244 cell size (Fig. 5, C and D) . These data show that the apparent additive effect of uvi4 and del1 245 mutations on leaf size in the double mutant is not caused by the additive effects of the single 246 mutations on epidermal cell size and cell number. 247
Seeing how double mutation of UVI4 and DEL1 has strong additive effects on the 248 DNA ploidy levels in trichomes and roots, we tested whether a similar additive effect could 249 hold true for leaves. When determining the DNA ploidy levels of mature leaves in the uvi4 250 and del1-1 single mutants, an increase could be confirmed compared to wild-type plants 251 (Vlieghe et al., 2005; Heyman et al., 2011) (Fig. 5E and Supplemental Table S4 ). However, 252 the DNA ploidy distributions of the uvi4 del1-1 double mutant leaves did not differ 253 significantly from the uvi4 and del1-1 single mutants (Fig. 5E, Supplemental Fig. S4 , and 254 
Supplemental
CCS52A2 Expression Is Affected by CCS52A1 Activity 258
The observation that the DNA ploidy levels of the uvi4 del1-1 double mutant leaves 259 are similar to those of the single mutants, is contradicting the gene dosage effect observed in 260 ccs52a1-1 DEL1 OE mutants. To investigate this apparent paradox, we analyzed the CCS52A 261 expression levels in developing first true leaves of the uvi4, del1-1, and uvi4 del1-1 mutants 262 using RT-qPCR. To ensure the seedlings were at a similar developmental age, leaves were 263 harvested at stage 1.04 (Boyes et al., 2001 ). For CCS52A1, no major differences in expression 264 could be observed in the mutants compared to the wild type (Fig. 6A) . By contrast, when 265 determining the CCS52A2 transcript levels in the del1-1 mutant, an upregulation could be 266 observed, confirming previous data (Lammens et al., 2008) (Fig. 6A) . Surprisingly, mutation 267 of UVI4 also resulted in an increased CCS52A2 expression in first true leaves compared to 268 wild-type leaves (Fig. 6A) , suggesting that activation of APC/C CCS52A1 results in increased 269 CCS52A2 expression. In the uvi4 del1-1 double mutant stage 1.04 leaves, however, no 270 additive effect on CCS52A2 expression could be observed, as CCS52A2 transcript levels were 271 found to be increased, identical to those observed in the del1-1 mutant (Fig. 6A) . 272
To confirm that an increase in APC/C CCS52A1 activity results in transcriptional 273 activation of CCS52A2, CCS52A2 transcript levels were analyzed in wild-type versus 274
CCS52A1
OE leaves harvested at stage 1.04. Indeed, CCS52A2 transcript levels were increased 275 in CCS52A1 OE leaves, similar to uvi4 mutant leaves (Fig. 6B) Both APC/C activity-controlling proteins CCS52A1 and CCS52A2 play important 281 functions during plant development. CCS52A1 has been predominantly implicated in 282 controlling trichome branching and root ploidy levels (Vanstraelen et al., 2009; Kasili et al., 283 2010) , whereas CCS52A2 has been demonstrated to control the proliferation status of the root 284 QC stem cells (Vanstraelen et al., 2009 ) and shoot apical meristem maintenance (Liu et al., 285 2012) . Although CCS52A1 and CCS52A2 control different developmental processes, 286 functional redundancy is expected, as plants being deficient for both CCS52A genes are not 287 viable (Baloban et al., 2013) . Indeed, endoreplication onset in leaves is ensured by both 288 CCS52A-type proteins. Furthermore, during plant growth, a decreased expression of 289 CCS52A1 appears to be compensated by an increased expression of CCS52A2 (Baloban et al., 290 2013) . To overcome the problem of lethality, we generated a partial loss-of-function mutant 291 using the ccs52a1-1 DEL1 OE double mutant in which the absence of CCS52A1 is 292 accompanied with reduced CCS52A2 transcription owing to its increased repression by DEL1 293 (Lammens et al., 2008) . Whereas no clear obvious additive effects could be observed in the 294 development of tissues that are predominantly controlled by CCS52A1, being the trichomes 295 or the root meristem, the leaf DNA ploidy levels were further decreased in the ccs52a1-1 296
DEL1
OE double mutant compared to the single mutants. Therefore, it could be stated that 297 some tissues are more dependent on the CCS52A gene redundancy compared to others. which is in contrast to the observation that the ccs52a1-1 mutation is epistatic over the uvi4 304 mutation (Heyman et al., 2011) . Together with the previously observed lack of protein-protein 305 interactions between UVI4 and CCS52A2, these observations support the idea that UVI4 is a 306 specific inhibitor of the APC/C CCS52A1 complex. How such specificity might be achieved at 307 the protein level is unclear. The CCS52A1 and CCS52A2 proteins share a high sequence 308 homology, including the C-box, Cdh1 specific motif, cyclin-binding and C-terminal IR motif, 309 together with predicted CDK phosphorylation sites (Fülöp et al., 2005) . Extending our 310 knowledge of CCS52A structural domains might help shed light on the preference of the 311 UVI4 protein inhibitor. 312
The specificity of DEL1 towards regulating CCS52A2 expression was demonstrated 313 previously by specific binding of DEL1 to the CCS52A2 promoter and exclusive changes in 314 CCS52A2 transcription levels in DEL1 OE and del1-1 knockout lines (Lammens et al., 2008) . 315 Whereas these observations were made for complete seedling and leaf tissue, respectively, a 316 control of CCS52A2 expression by DEL1 can be observed as well for root tissue 317 (Supplemental Fig. S6A and B) , strongly suggesting that DEL1 is a specific repressor of 318 CCS52A2 across all DEL1 expressing cells. 319 320
Additive Effects of UVI4 and DEL1 321
The specificity of UVI4 and DEL1 towards APC/C CCS52A1 and APC/C CCS52A2 , 322 respectively, offers a unique tool to study the relative contribution of both APC/C complexes 323 during development, complementing available knockout data. This strategy has as benefit that 324 the APC/C activity levels obtained remain within a physiological range, in contrast to 325 constitutive CCS52A1 or CCS52A2 overexpression, where it can be expected that complexes 326 lose substrate specificity when being highly abundant. Using this strategy, we revealed an 327 additive effect of uvi4 and del1 knockout on trichome branching and ploidy level, indicating 328 that DEL1 functions to actively repress APC/C CCS52A2 activity in trichome cells. Accordingly, 329 ectopic expression of CCS52A2 triggers trichome hyperbranching (Baloban et al., 2013) . A 330 similar situation likely holds true for the root, as uvi4 del1-1 double knockouts display a 331 phenotypic enhancement of the uvi4 and del1-1 single knockouts, again suggesting that DEL1 332 plays an active role in suppressing APC/C CCS52A2 activity in the meristematic cells, supported 333 by the DEL1 expression pattern. Apparentlycontrasting with an APC/C CCS52A2 repressing role 334 for DEL1, del1-1 single mutant roots are phenotypically indistinguishable from wild-type 335 roots in terms of meristem size. These data suggest that APC/C CCS52A1 is the primary APC/C 336 complex controlling cell cycle exit in the root elongation zone (Vanstraelen et al., 2009) . 337 Strikingly, the aggravated meristematic cell number phenotype of del1-1 in the uvi4 mutant 338 background was accompanied by an increased meristematic cortex cell size, suggesting an 339 increased cell cycle duration. Knowing that APC/C CCS52A2 activity represses cell division 340 activity of the QC cells, it is appealing to speculate that transcriptional activation of CCS52A2 341 throughout the root meristem here also delays cell cycle progression, resulting in the observed 342 increased cell size. through a KEN-box motif and are subsequently marked for proteolytic degradation (Boekhout 358 et al., 2016) . However, no obvious APC/C recognition degron can be found in the DEL1 359 protein sequence. Another possibility is that DEL1 activity is regulated through its 360 phosphorylation, because a predicted CDK phosphorylation motif is present in the N-terminus 361 of the DEL1 protein sequence (Supplemental Fig. S5 ) (Chang et al., 2007) . Increased 362 APC/C CCS52A1 -mediated destruction of cyclins could reduce putative CDK-mediated 363 phosphorylation of DEL1, possibly rendering it unable to repress CCS52A2 expression. 364
Although nothing is known about the regulation of DEL proteins through phosphorylation, 365 DEL1 has been shown to interact with CYCB2;3 and CYCD1;1 in a yeast two-hybrid screen, 366 hinting to a connection between DEL1 and the cyclin-CDK machinery (Boruc et al., 2010) . Another possible explanation might be that, in leaves, activation of APC/C CCS52A1 or 368 APC/C CCS25A2 alone is sufficient to surpass a specific activity threshold in order to engage into 369 the endocycle, e.g. through destruction of a factor being rate-limiting for endocycle onset. 370
This hypothesis would imply that CCS52A1 and CCS52A2 only control leaf endocycle onset, 371
and not endocycle progression itself. Correspondingly, in trichomes, APC/C CCS52 activity has 372 been postulated to mediate endoreplication onset, whereas following endocycles are thought 373 to be maintained by the CULLIN4-RING FINGER-LIGASE ubiquitin ligase (Roodbarkelari 374 et al., 2010) . A similar endocycle onset/maintenance mechanism might hold true for leaves as 375 well. In this scenario, the additive effects of UVI4 and DEL1 mutations observed in root 376 meristems and trichomes would be suggestive for CCS52A1-and CCS52A2-independent 377 functions, e.g. through different substrate specificity. 378
In conclusion, gaining more insight into the tissue-specific substrates and substrate 379 specificity of APC/C CCS52A1 and APC/C CCS52A2 will strongly contribute to the understanding 380 of how APC/C-dependent endocycle onset is fine-tuned during development. In the root, 381 CYCA2;3 has been reported to be a specific target of APC/C CCS52A1 in the root elongation 382 zone , whereas the ERF115 transcription factor was proposed to be a 383 APC/C CCS52A2 -specific target in root stem cells (Heyman et al., 2013) . A possible method to 384 uncover specific APC/C substrates is by using a biochemical approach. A proteomics screen 385 to identify differentially ubiquitinated proteins (Walton et al., 2016) in the ccs52a1 and 386 ccs52a2 mutants might prove a major step forward. Alternatively, mutant suppressor screens 387 could be adverted to search for APC/C CCS52A1 or APC/C CCS52A2 specific targets. Finding the 388 answer to these questions might shed light on why certain tissues predominantly advert only 389 one of the two CCS52A proteins, while other organs depend on both CCS52A-type isoforms. 390
391
MATERIALS AND METHODS 392
Plant Medium and Growth Conditions 393
Plants were grown under a long-day/short-night regime (16 h light/8 h darkness) at 394 21°C on agar-solidified culture medium (Murashige and Skoog [MS] medium, 10 g/l 395 saccharose, 0.43 g/l MES, and 0.8% plant tissue culture agar). 396 397
Mutant Lines 398
The uvi4 (Hase et al., 2006) , pUVI4:GUS/GFP (Heyman et al., 2011) Mature first true leaves were harvested and cleared using a 75%-25% ethanol-acetic 415 acid solution. Next leaves were fixed and mounted on slide using lactic acid. Cells were 416 drawn using the Leica-DF microscope. Analysis of the leaf area was performed using the 417 ImageJ 1.41 software. 418
419
Quantification of Trichome Nuclear DNA Content 420
For 4',6-diamidino-2-phenylindole (DAPI) staining, 3-week-old mature leaves were 421 fixed using acetic acid (75% acetic acid, 25% ethanol) for at least 2 h and washed for at least 422 1 h with 70% ethanol. Leaves were briefly submerged in 0.5 M EDTA and trichomes were 423 removed using forceps. DNA was stained using 20 g/ml DAPI in McIlvaine's buffer (60 424 mM citric acid, 80 mM Na 2 HPO 4 , pH 4.1). Trichomes were mounted in Vectashield mounting 425 medium for fluorescence H1000 (Vector laboratories; #CA94010) and observed via 426 epifluorescence on an Axioscope Imager microscope from Zeiss. Nuclear size and 427 epifluorescence signal were analyzed using the ImageJ 1.41 software. The integrated density 428 was calculated by multiplication of nuclear size and fluorescence intensity, normalized 429 against the integrated density of wild-type Col-0 trichome nuclei, of which the size was 430 arbitrarily set to 32C. Root meristems were analyzed with the Zeiss Axiovert 100M confocal laser scanning 434 microscopy. Plant material was incubated for 3 min in a 10-M propidium iodide (PI) 435 solution to stain the cell walls and observed after excitation using a 543-nm laser and detected 436 using the 650-nm long-pass emission filter. Images of leaf trichomes were acquired with a 437 TM-1000 Tabletop electron microscope (Hitachi). 438 439
RT-qPCR Analysis 440
RNA was extracted from the respective tissues with the RNeasy Kit (Qiagen). After 441 treatment with the RQ1 RNase-Free DNase (Promega), cDNA was synthesized using the 442 iScript cDNA Synthesis Kit (Bio-Rad). Relative expression levels were determined with the 443
LightCycler 480 Real-Time SYBR green PCR System (Roche). The ACT and CAK2 reference 444 genes were used for normalization. Primer sequences can be found in Supplemental Table  445 S5. Images of three-week-old wild-type (Col-0), uvi4, del1-1, and uvi4 del1-1 rosettes. Bar = 1 516 cm. B, Average first true leaf sizes of three-week-old wild-type (Col-0), uvi4, del1-1, and uvi4 517 del1-1 plants (in mm 2 ). Data represent mean ± SE (n = 45, * P < 0.05, Student's t-test). C and 518 D, Average abaxial epidermal cell size (x 1.000 m 2 ) (C), and cell number (x 1.000) (D) of 519 first leaves of three-week-old lines presented in B. Data represent mean ± SE (n = 18, * P < 520 0.05, Student's t-test). E, Flow cytometric analysis of wild-type (Col-0), uvi4, del1-1, and 521 uvi4 del1-1 three-week-old first true leaves. Data are representative for the mean (n = 3). 522 523 Figure 6 . CCS52A1 activity affects CCS52A2 expression. A, Relative expression levels of 524 CCS52A1 and CCS52A2 in first true leaves from wild-type (Col-0), uvi4, del1-1, and uvi4 525 del1-1. First true leaves were harvested at stage 1.04. The relative expression levels for wild-526 type leaves were arbitrarily set to 1. Data represent mean ± SE (n = 3, * P < 0.05, Student's t-527 test). B, Increased CCS52A2 transcript levels in CCS52A1 OE first true leaves compared to the 528 wild type. First true leaves were harvested at stage 1.04. The relative expression levels for 529 wild-type leaves were arbitrarily set to 1. Data represent mean ± SE (n = 3, * P < 0.05, 530
Student's t-test). 
